are expanded in the mesoderm and ectoderm at the gastrula stage. Although chordino embryos recover at Introduction later stages, they develop with small heads and eyes, U-shaped somites, shortened trunk, and increased venThe dorsal lip, or Spemann organizer, of the amphibian troposterior tissues, including blood islands, before dygastrula has remarkable inductive properties. When ing after three days of development. These zebrafish grafted into the ventral side of a host embryo, this small studies demonstrated that Chordin is required for dorgroup of cells can induce a second embryonic axissal-ventral patterning during gastrulation. In the mouse, including a central nervous system (CNS), dorsal mesoderm, and secondary gut-in neighboring host cells. the situation is different, for most chordin Ϫ/Ϫ embryos Considering these striking properties, isolating the molhave a normal CNS. Mutant embryos lack anterior notoecules that mediate these cell-cell inductions has been chord, and the pharyngeal endoderm, which expresses an intensive area of research (reviewed in De Robertis Chordin, is greatly reduced. (Figures 5A-5D ). This elongation reflects the convergenceextension movements that take place concomitantly with dorsal mesoderm (somite) formation. When MO-1 and MO-2 were injected together, however, animal caps retained their spherical shape ( Figure 5E ). This effect could be rescued by the injection of chordin mRNA lacking the 5Ј UTR ( Figure 5F ). RT-PCR analysis indicated that the treatment of caps containing Chd-MO(1ϩ2) had reduced levels of the muscle markers Myf5 and ␣-Actin and of the neural marker NCAM ( Figure 5G, lanes 3-5) . These molecular markers were rescued by coinjection of chd mRNA lacking the 5Ј UTR ( Figure 5G, lane 6) . The ability of Activin to induce ventral mesoderm was not impaired by Chordin knockdown. The ventral mesoderm markers xHox3/eve1 and ␣-Globin were not only not inhibited, but were increased, by microinjection of Chd-MO(1ϩ2) into Activin-treated caps ( Figure 5G, lane 5) .
). This phenotype was consistent of the dorsal lip, were not affected ( Figures 2A and 2B with that of a moderate increase in BMP signaling, since and data not shown). At the late gastrula stage the exit was also observed in microinjections of Smad5 and pression of chd, noggin, and follistatin mRNAs was not constitutively active BMP receptor mRNAs (Beck et al., significantly affected by Chd-MO(1ϩ2), except for a 2001; our unpublished data). In xTsg-injected embryos shortening of the length of the axial mesoderm (future the notochord was hypoplastic, particularly in the postenotochord), presumably caused by a mild inhibition of rior, and the myotomes were U shaped (Figures 3CЈ and convergence-extension gastrulation movements (Fig-3C″ ). When xTsg mRNA was injected into embryos in ures 2D-2F). RT-PCR analysis confirmed that the levels which Chordin expression was reduced by the Chdof chordin, noggin, or follistatin mRNAs were not signifi-MO(1ϩ2), the resulting embryos were severely vencantly affected by Chd-MO(1ϩ2) at early or late gastrula tralized, with only patches of residual notochord, restages ( Figure 2G ). In zebrafish, the chordino mutation duced somites, and greatly decreased numbers of also affects the morphogenetic process of convergence (Figures 5A-5D ). This elongation reflects the convergenceextension movements that take place concomitantly with dorsal mesoderm (somite) formation. When MO-1 and MO-2 were injected together, however, animal caps retained their spherical shape ( Figure 5E ). This effect could be rescued by the injection of chordin mRNA lacking the 5Ј UTR ( Figure 5F ). RT-PCR analysis indicated that the treatment of caps containing Chd-MO(1ϩ2) had reduced levels of the muscle markers Myf5 and ␣-Actin and of the neural marker NCAM ( Figure 5G, lanes 3-5) . These molecular markers were rescued by coinjection of chd mRNA lacking the 5Ј UTR ( Figure 5G, lane 6) . The ability of Activin to induce ventral mesoderm was not impaired by Chordin knockdown. The ventral mesoderm markers xHox3/eve1 and ␣-Globin were not only not inhibited, but were increased, by microinjection of Chd-MO(1ϩ2) into Activin-treated caps ( Figure 5G, lane 5) .
Immunoblot analysis confirmed that 2 ng/ml Activin induced abundant secretion of Chordin protein in animal caps, which was inhibited by Chd-MO(1ϩ2) ( Figure 5H) . Interestingly, when the cell pellets were analyzed with whereas all sectioned control grafts showed labeling and, in most cases, were complete and included eyes, with the grafted cells contributing to notochord, floor in the involuted endomesoderm and CNS, but not in epidermis. This surprising result suggests that Chordin plate, and dorsal endoderm ( Figure 6E ). Microinjection of Chd-MO(1ϩ2) had a striking effect on the graft, abolis required in a cell-autonomous way in the ectoderm for differentiation of ectodermal cells into CNS. The emishing secondary axis induction (n ϭ 16). In some embryos weak ectodermal protrusions were seen, and the bryos transplanted in this way do form a ventral CNS but, when given a choice in this chimeric situation between strongest one is shown in Figure 6F . Chd-MO(1ϩ2)-treated organizers were completely unable to induce Chordin-expressing and -nonexpressing ectodermal cells, prefer the Chordin-expressing cells. At the blastula CNS, somites, notochord, or secondary gut. The grafted cells contributed mostly to ventral mesesoderm, endostage chordin is expressed in the preorganizer region located in the dorsal animal cap, which might contribute derm, and epidermis. In none of the serially sectioned control Spemann grafts was epidermal staining obto the future neural plate (Wessely et al., 2001 ).
In the second series of experiments, the dorsal lip served, whereas all Chd-MO(1ϩ2) grafts analyzed had labeled cells in the epidermis. was transplanted ventrally, as in the classical SpemannMangold experiment ( Figure 6D ). In the controls, sec- Figure 7 shows the differentiation of dorsal lips cultured for three days in saline solution (stage 38). Dorsal ondary axes were induced at high frequency (n ϭ 17) were completely unable to induce CNS, somites, or noHowever, this compensation does not take place at the tochord, and they themselves differentiated into ventral transcriptional level, at least for noggin and follistatin, endoderm, mesoderm, and ectoderm ( Figure 6F ). This in Chd-MO(1ϩ2)-injected embryos ( Figure 2G ). In the result is in sharp contrast to the phenotype seen in intact mouse the noggin and chordin gene products can comembryos, in which dorsal tissues continue to differentipensate for each other, since their requirement for foreate after microinjection of Chd-MO(1ϩ2). It seems possible that, in whole embryos, other BMP antagonists can brain development is only seen in the double mutant ral-inducing activity and on the self-differentiation of the graft. Interestingly, mouse node transplants have been
